Background The high hip center technique used for a deficient acetabulum is reconstruction of the hip at a high center of rotation. In the literature, there is no consensus regarding the value of this technique. Questions/purposes We investigated whether the newgeneration biconical threaded Zweymüller 1 cup fixed in a high nonanatomic position in patients with arthritis secondary to congenital hip disease experienced different rates of polyethylene wear and long-term survivorship when compared with anatomically positioned cups. Patients and Methods We studied the polyethylene wear rate and Kaplan-Meier survivorship of 104 titanium threaded Zweymüller 1 cups in 88 patients (81 females), placed in 70 hips at near-normal hip center and in 34 hips at a high hip center position at a distance of 31.1 to 60 mm (mean, 39.7 mm) from the interteardrop line. Minimum followup was 2 years (mean ± SD, 8.6 ± 3.5 years; range, 2-15 years).
Introduction
The high hip center (HHC) technique for a deficient acetabulum is defined as the reconstruction of the hip at a high center of rotation located at a distance greater than 35 mm from the interteardrop line (a method not analogous to the pelvis height of each patient [32] ) or 15 mm higher than the approximate femoral head center (AFHC) [25, 28] . There is no consensus regarding the value of this technique. Previous experimental studies [8, 18, 37] suggest the HHC is a mechanically unacceptable hip position. Clinical studies [3, 9, 25] have shown high and especially lateral cup placement results in elevated rates of loosening and polyethylene (PE) wear. Nevertheless, the HHC technique in primary or revision arthroplasty for periacetabular bone deficiency has been proposed as a valuable alternative by many authors [1, 5, 7, 10, 13, 15, 21, 23, 32, 34, 35] . The HHC has the advantages of not requiring structural bone grafts, retention of adequate healthy bone stock for revision, and reducing anesthetic and surgical time [1, 10, 13, 15, 32, 34, 35] .
By using longer neck/head length, adequate leg lengthening may be achieved, and sufficient strength and length of abductors to ensure hip stability [5, 7, 32] . Biconical threaded biologically fixed Zweymüller 1 (Aurau, Switzerland) cups also have had excellent results in normal hip reconstruction cases [2, 11, 22, 26, 27, 31, 33, 39, 40] . However, additional clarification of published studies is needed concerning linear PE wear rate and survivorship when these cups are placed in a high nonanatomic hip position.
In the current clinical study, we wished to show the utility of using HHC placement of Zweymüller 1 cups in patients with arthritis secondary to congenital hip disease. Specifically, we aimed to compare the rate of linear PE wear and the Kaplan Meier survivorship of total hip replacements performed for arthritis secondary to congenital hip disease placed with a high hip center versus a near normal position.
Patients and Methods
Between September 1993 and April 2007, we implanted 92 patients (112 hips) with osteoarthritis secondary to congenital hip disease with a titanium biologically fixed threaded biconical Zweymüller 1 cup in combination with a straight cementless stem with a double taper made of hot forged titanium alloy (BICON-PLUS 1 System; Plus Orthopaedics AG/Smith & Nephew, Aurau, Switzerland). Four patients died from causes unrelated to the hip surgery. We retrospectively reviewed 88 of these patients (104 hips), seven males (eight hips) and 81 females (96 hips), for mechanical cup loosening and mean linear PE wear at a minimum followup of 2 years (mean ± SD, 8.6 ± 3.5 years; range, 2-15 years). Seven patients (11 hips) unable to attend the followup in the office were evaluated by telephone and radiographs were sent for study and analysis. The mean age of the 88 patients was 52.3 years (range, 34-77.2 years) at the time of the first surgery. Fiftyone of the 104 reexamined hips (49%) were dysplastic at the time of surgery (36 of them [36 of 51, 70%] in patients with bilateral congenital hip disease); 39 of 104 (37.5%) were low dislocated (31 of them [31 of 39, 79 .5%] in patients with bilateral congenital hip disease); and 14 of 104 (13.5%) were high dislocated according to the classification of Hartofilakidis et al. [14] . Eleven of the 14 high dislocations [78.6%] occurred in patients with bilateral congenital hip disease and seven of these patients had bilateral THAs. The mean Harris hip score was 36 (range, 16-67) preoperatively.
Preoperatively, we estimated Trendelenburg's sign and functional leg length inequality by measuring the xiphisternum to medial malleolus distances and tried to determine the limb lengthening acceptable to the patient, keeping in mind all stiff pelvis or lumbar spine deformities and muscle contracture [29, 30] . Elevated shoes at different heights were used for all patients with unilateral congenital dislocation to determine preoperatively the approximate acceptable limits of leg lengthening.
The preoperative level of the greater trochanter in correlation with the interteardrop line ( Fig. 1 ), another important parameter to estimate preoperatively the operative difficulties in lowering a congenital dislocated hip, was evaluated by one of the authors (KPD). In all high dislocated hips, the acetabular cranial or anterior column insufficiency and the most healthy osseous periacetabular region to fix the cup were evaluated by preoperative threedimensional CT representations.
The cup was placed in 70 hips at near-normal hip center (NHC) position and in 34 hips at a HHC position at a distance of 31.1 to 60 mm (mean, 39.7 mm) from the interteardrop line. In the latter group, the hip center was located at a vertical distance of greater than 15 mm from the AHFC [25] . In 22 of these hips (22 of 34, 64.7%), the hip center was located outside the Ranawat triangle [28] and at a vertical distance greater than 35 mm from the interteardrop line. In the remaining 12 hips (12 of 34, 35.3%), the hip center was located in the inner site of the Ranawat triangle, four at a vertical distance greater than 35 mm from the interteardrop line and eight at a vertical distance less than 35 mm from the interteardrop line but at a vertical distance greater than 15 mm from the AHFC, depending on the vertical diameter of the pelvis in each patient. In 14 of the HHC hips (14 of 34, 41%), the cup was placed in a superolateral position according to the classification of Pagnano et al. [25] .
The articulating surfaces used in the cups placed at or near the NHC position were metal-on-metal in 20 of 70 (28.6%) hips, ceramic-on-PE in 38 of 70 (54.3%) hips, and metal-on-PE in 12 of 70 (17.1%) hips. In the HHC group, the articulating surfaces used were metal-on-metal in four of 34 (11.8%) hips, ceramic-on-PE in 21 of 34 (61.8%) hips, and metal-on-PE in nine of 34 (26.5%) hips. All heads had a diameter of 28 mm except three high dislocated hips in which metallic heads with a diameter of 22 mm were used. An UHMWPE liner was used in all metal-or ceramic-on-PE articulating surfaces (Plus Orthopedics AG/ Smith & Nephew). The cup shell was of pure titanium with a surface roughened by grit blasting. The mean surface roughness was 5 lm, with no coating. The shells were designed as double cones [39, 40] . Internally, the cup had a system of three sectoral openings used to check the cup position intraoperatively and providing access for bone grafting. Once the cup was in its definitive position, the openings were closed, preventing direct contact between the PE liner and bony acetabular floor. Externally, the cup shell had sharply cutting teeth, providing threads in two types, shorter ones for normal to hard bone (standard type of cup) and longer ones for soft osteoporotic bone (porosis type of cup), and providing a surface area 46% larger than that of standard cup designs. There were no holes for screw fixation for added stability. Fifty-seven (54.8%) of the cups used were the standard version and the remaining cups were the porosis type. Cotyloplasty of the floor of the acetabulum using cancellous bone from the resected femoral head inserted through the apertures in the shell was made in four (0.38%) of the hips. No superior acetabular grafts were used. In three of 104 (0.28%) hips with anterior column insufficiency and deficient acetabular bone stock, special congenital hip dislocation Zweymüller 1 cups of 38 mm (one hip) and 40 mm (two hips) were used in combination with 22-mm metallic heads and elevated PE inserts. Elevated cup inserts were used in 12 (17.1%) NHC hips and in eight (23.5%) HHC hips.
All patients were operated on by the same surgeon (NAC). In three hips with high hip dislocation and fixed adduction deformity, an adductor tenotomy was performed before arthroplasty. The transgluteal approach of Thomine et al. [36] was used to prevent damage to the posterior strong part of the gluteus medius muscle and its nerve. Harding's approach was used in high dislocated hips. Both approaches with the patient in a lateral decubitus position. Femoral shortening osteotomies or greater trochanter osteotomies were not performed in this series unless previous trochanteric varus osteotomies were performed, which was the case in seven (0.67%) hips.
The acetabulum was prepared in standard fashion for insertion of the threaded biconical Zweymüller 1 cup. Then the double-cone cup was put in place and screwed in, making sure its plane was parallel to the reamed bony acetabular floor without tilting. The cup initially was seated only halfway down and the seating instrument then was removed to check the implant position relative to the bony acetabular floor. The cup was stably fixed into the acetabular columns even in cranially uncovered cases and this was checked by the cup instrumentation during surgery. The sector shutters at the front end of the cup were closed to prevent direct contact of the bone with the PE liner. In cases of anterior column insufficiency, the metal shell was fixed into the columns at a position of greater flexion, but the flexion of the articulating cup surface was corrected by using an inclinated insert in the opposite direction. Once this was completed, we instrumented the femoral shaft, and by using trial stems at different depths in the femoral canal and by changing the usually 15°stem anteversion by a few degrees, stability of the hip was achieved under control of combined movements of extension, external rotation, and adduction, or full internal rotation, adduction, and flexion. Thus, in some cases, elevating or deepening the position of the stem in the femoral canal was used in combination with different head/neck lengths, resulting in what we estimated to be optimal for stability of the hip and producing the optimal length for gluteal muscle function (Fig. 2) . The wound was closed in layers with two Redon drains in place. In the postoperative period, we advised the patient to load the surgically treated leg using two crutches for 6 weeks. All patients received antithrombotic prophylaxis using low-molecular-weight heparin.
The clinical course of each patient was evaluated preoperatively, at 6 to 8 weeks, at 1 year, and at 2-year intervals thereafter. We clinically assessed each patient with the Harris hip score, leg length inequality, Trendelenburg's sign, and lumbar back pain. The anatomic or structural leg lengthening was estimated radiographically by measuring the distances between the tip of the lesser trochanters and the interteardrop line preoperatively and postoperatively. The apparent or functional leg equalization was estimated by measuring the distances between the xiphisternum and medial malleolus in both legs.
The first postoperative radiographs were obtained approximately 3 to 5 days after surgery. The implant position was first evaluated on the postoperative radiographs. Abduction of 40°to 50°was defined as the standard cup position. We also estimated the new hip center in correlation to the AFHC on the basis of the Ranawat triangle model [28] .
Radiolucent lines were classified as described by DeLee and Charnley [6] . We also evaluated periimplant bony reactions and periacetabular gaps on postoperative radiographs.
The mean linear wear rate of UHMWPE was determined with the Roman software program [12] (Roman free to share software version V1.70; Robert Jones and Agnes Hunt Orthopaedic Hospital, Oswestry, UK; http://www. Keele.ac.uk/depts./rjah/). Intraobserver variability was determined for each method by determining the correlation coefficient of two measurements performed by one observer at 1-week intervals. Interobserver variability was determined by estimating the correlation coefficient of two measurements performed by two different observers (KPD, ANC). Using the same coordinate system as described above, the coordinates of the cup center, the head center, and the pelvic height were measured. PE wear was defined as the difference in the head center in each radiograph.
The continuous variables are expressed as mean ± SD. Distributions of the measured variables were assessed for normality by the Shapiro-Wilk test. Differences in mean parameter values between groups (NHC versus HHC) were assessed by Student's t test. Homogeneity of parameter variance between the two groups was evaluated by Levene's test. Kaplan-Meier [19] analysis was performed to assess the cup survivorship with revision for any reason as an event of interest at the time of followup. The equality of the survival distributions between NHC and HHC was compared by long-rank test. A two-tailed p value less than 0.05 was considered statistically significant. Statistical analysis was performed with SPSS 1 Version 15 (SPSS Inc, Chicago, IL).
Results
The mean Harris hip score was 88.6 (range, 56-100) at the time of followup, 91.2 (range, 54-100) for patients with NHC and 84.2 (range, 47-100) for patients with HHC. Trendelenburg gait was ameliorated in all hips except two with the HHC technique. The mean leg anatomic lengthening was 1.51 cm (range, 0.6-3.8 cm), 1.23 cm (range, 0.6-2.3 cm) for patients with NHC and 2.35 (range, 1.6-3.8 cm) for patients with HHC. The mean leg length anatomic inequality for all patients was corrected from 2.82 cm (range, 0-6.4 cm) preoperatively to 1.17 cm (range, 0-2.9 cm) postoperatively. The mean functional leg length inequality for all patients was corrected from 1.99 cm (range, 0-4.2 cm) preoperatively to 1.02 cm (range, 0-2.5 cm) postoperatively. One periprosthetic femoral shaft fracture, one superficial hematoma, one dislocation with cup displacement on the first postoperative day, and two dislocations 1 month postoperatively occurred in the HHC group (Table 1) . No impingement problems or neurologic complications were observed in the HHC group. Triangular cranial gaps were present postoperatively in 16 (47%) HHC hips. In three of them, the cup was cranially totally uncovered. Also, partial gaps between the metal shell and acetabular floor, 1 to 4 mm wide, were present in 17 (24.3%) NHC hips and in nine (26.5%) HHC hips. In 51 (72.9%) NHC hips and in 23 (67.6%) HHC hips, there was evidence of periprosthetic new bone formation (Fig. 3) .
The mean linear PE wear rates in the NHC and HHC groups were similar (p = 0.909) (0.110 ± 0.050 mm and 0.113 ± 0.057 mm, respectively) ( Fig. 4) . The variance of the mean linear PE wear rates did not differ (Levene's test, p = 0.309) between the two groups. Wide distribution of PE wear values occurred in the NHC and HHC groups (Fig. 5) .
The Kaplan-Meier cup survivorship rates with revision for any reason as an event of interest were similar (p = 0.979) in the NHC and HHC groups (97.2% [95% confidence interval, 88.5%-99.3%] and 97.1% [95% confidence interval, 73.8%-99.3%], respectively) ( Fig. 6) . Migration of the cup from the postoperative position occurred in two hips: one in a patient with high hip dislocation in which the cup was placed in a NHC position and the metal-on PE cup migrated by 3 years postoperatively; and the other in a patient with hip dysplasia that was accompanied by excessive varus femoral neck deformity with the HHC position in which the metal-on-metal cup was loosened by 8 years postoperatively. This patient had an ipsilateral thigh allergic skin reaction, and severe periacetabulum osteolysis was seen on radiographs. In another patient with a NHC metal-on-metal cup, progressive periprosthetic osteolysis was not accompanied by cup or stem migration. The cup was changed to ceramic-on-PE with an insert and metallic head change and the patient's hip remains stable 7 years postoperatively after periprosthetic new bone formation.
Discussion
There is no consensus regarding the value of the HHC technique in cases of deficient acetabulum. In this study, we assessed and compared the PE wear rates and survivorship of cups placed in a HHC with those placed at a more anatomic hip center in patients with arthritis secondary to congenital hip disease. We must note several limitations to our study design. We have an insufficient number of patients with a high congenital hip dislocation in the study. Another problem, one that exists in all similar studies, is that periacetabular chronic myoskeletal abnormalities between patients sometimes were completely different, especially in patients with a unilateral high dislocation, which presented a different degree of pelvis tilting, lumbar spine deformity, and muscle contracture for each patient. Another limitation to our study is that we used two different lateral approaches: Harding's more extended approach for high congenital dislocation and the not extended to vastus lateralis approach of Thomine et al. [36] for hips with low dislocation or dysplasia.
Our Zweymüller 1 threaded cups placed superiorly or superolaterally did not show higher rates of PE wear or mechanical loosening than cups placed at the near-true acetabulum at a mean followup of 8.6 ± 3.5 years (range, 2-15 years).
In the majority of the HHC hips, the cup insert, inclinated or not, was placed at normal abduction and flexion even in hips without full osseous cranial coverage of the metal shell. The low rates of mechanical cup failure in our HHC hips are in accordance with the clinical results of the HHC technique reported by others [1, 5, 7, 10, 13, 15, 21, 23, 32, 34, 35] . In contrast, Chougle et al. [4] , estimated cup survival for hips with high congenital dislocation reconstructed at the NHC position was only 12% at 20 years.
The lack of difference in linear PE wear rate and variance between the NHC and HHC groups and the wide distribution of PE wear values in both groups are in accordance with the results of studies that found not only the hip center is responsible for PE wear in a hip arthroplasty but also numerous other factors, such as cup inclination, articulating surfaces, femoral head size, and patient age or body weight [16, 17, 20, 23, 24, 38] .
The low rates of mechanical cup failure in our series using the HHC technique and Zweymüller 1 cups placed at a high nonanatomic position are in accordance with the results reported by others concerning good stability and minimal osteolysis of these cups in series including cranial cup uncovered cases [2, 11, 22, 26, 27, 31, 33, 39, 40] . It seems, using this technique, successful acetabular reconstruction with a hip center that is functional and adaptable to all chronic peripelvic myoskeletal deformities, even at a higher than normal position, can be obtained in hips with osteoarthritis secondary to congenital hip disease. The HHC technique including stable Zweymüller 1 cup fixation in a healthy osseous region without femoral shortening osteotomies, bone grafts, or soft tissue injuries, in combination with suitable head/neck length, suitable stem position, and adequate gluteus medius tensioning, gives results similar to those of the near-true acetabular reconstruction concerning PE wear rates, mechanical cup survival, hip stability, Trendelenburg gait, and leg length restoration without excessive traction, muscle injuries, or neurologic complications. By using longer head/neck lengths, impingement also can be avoided. The HHC technique using a Zweymüller 1 threaded cup seems to be a valuable alternative solution in some difficult cases of osteoarthritis secondary to congenital hip disease with minimal complications and excellent clinical results.
